Background/Aims: Treatment options for metastatic castrate-resistant prostate cancer (mCRPC) are limited and typically centered on paclitaxel-based chemotherapy. In this study, we aimed to evaluate whether miR-34a attenuates chemoresistance to paclitaxel by regulating target genes associated with drug resistance. Methods: We used data from The Cancer Genome Atlas to compare miR-34a expression levels in prostate cancer (PC) tissues with normal prostate tissues. The effects of miR-34a inhibition and overexpression on PC proliferation were evaluated in vitro via Cell Counting Kit-8 (CCK-8) proliferation, colony formation, apoptosis, and cell-cycle assays. A luciferase reporter assay was employed to identify the interactions between miR34a and specific target genes. To determine the effects of up-regulation of miR-34a on tumor growth and chemo-resistance in vivo, we injected PC cells overexpressing miR-34a into nude mice subcutaneously and evaluated the rate of tumor growth during paclitaxel treatment. We examined changes in the expression levels of miR-34a target genes JAG1 and Notch1 and their downstream genes via miR-34a transfection by quantitative reverse transcription PCR (qRT-PCR) and western blot assay. Results: miR-34a served as an independent predictor of reduced patient survival. MiR-34a was down-regulated in PC-3PR cells compared with PC-3 cells. The CCK-8 assay showed that miR-34a overexpression resulted in increased sensitivity to paclitaxel while miR-34a down-regulation resulted in chemoresistance to paclitaxel in vitro. A study of gain and loss in a series of functional assays revealed that PC cells expressing miR-34a were chemosensitive. Furthermore, the overexpression of miR-34a increased the
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Introduction
Prostate cancer (PC) rates have risen rapidly in China over the last few years and PC is the most frequently diagnosed male carcinoma. In fact, rates in China are starting to catch up with those of western countries where this kind of cancer is one of the leading causes of death in men [1, 2] . Current guidelines for the treatment of PC are based on the developmental stages of tumors. Surgery and radiation therapy are effective for early and localized cancers [3] . For metastatic castration-resistant prostate cancer (mCRPC), the standard first-line treatment is mainly taxane-based chemotherapy [4] . Paclitaxel and its related compound, docetaxel, both of which belong to the taxane family, show a median survival advantage of 2-3 months and improved quality of life compared with mitoxantrone [5, 6] . However, most patients eventually develop drug resistance, and those who benefit eventually die from the disease [4] . In this study, we attempted to explore the molecular mechanisms underlying the development of resistance to paclitaxel therapy in patients with PC.
MicroRNAs (miRNAs) are short, non-coding RNAs (-22 nucleotides) that binds to the 3'-untranslated region (3'-UTR) of mRNAs and modulate gene expression by controlling mRNA translation or degradation [7, 8] . Aberrant expression of miRNAs can cause a range of human disorders, especially malignant diseases. In fact, miRNAs act as either tumor suppressors or oncogenes in the development of a variety of malignancies in a tissue-specific manner. Moreover, they are broadly involved in tumor proliferation, invasion, angiogenesis, and drug resistance [9] [10] [11] [12] . In recent studies, miRNAs, including miR-148a [12] , miR-200c [13] , miR-205 [13] , miR-21 [14] , miR-31 [3] , miR-34 [15] , and miR-375 [16] , have been reported to regulate drug resistance in PC. miR-34a expression in tissue or circulation has been shown to potentially serve as a biomarker for PC diagnosis and prognosis [17, 18] . To date, the biological role and the mechanism of action underlying miR-34a-mediated chemotherapeutic responses in mCRPC are not fully understood. A recent study on breast cancer showed that miR-34a is associated with response to paclitaxel treatment through the regulation of Notch1, which leads to the inhibition of stemness and partially increases chemosensitivity by down-regulating the Notch1 pathway [19] . The results suggested that miR-34a may be involved in the chemosensitivity of PC to the commonly used anti-cancer drug, paclitaxel.
We performed a series of in vitro and in vivo tests and found consistently lower expression of miR-34a in PC tissues and paclitaxel-resistant PC cells. Decreased miR-34a expression significantly increased the sensitivity of PC cells to paclitaxel treatment, as shown by the increased numbers of apoptotic cells. Furthermore, miR-34a overexpression in PC xenograft tumors after small interfering RNA transfection resulted in sensitivity to paclitaxel treatment. Finally, our data demonstrated that miR-34a may confer chemosensitivity to paclitaxel by reducing the levels of its targets, JAG1 and Notch1. These results indicated that miR-34a down-regulation is vital for the development and chemoresistance to PC, highlighting the potential of miR-34a as a therapeutic target.
Patients and samples
The miR-34a expression profiles in PC tissues were obtained from The Cancer Genome Atlas (TCGA) database (https://tcga-data.nci.nih.gov and https://genome-cancer.ucsc.edu). The prognostic value of miR34a was analyzed using the TCGA portal. Overall the survival of patients with high or low levels of miR-34a was demonstrated by a Kaplan-Meier survival plot.
Cell culture and chemicals
Human PC cell lines (PC-3 and PC-3PR) were purchased from the Shanghai Meixuan Biological Technology Company (Shanghai, China) and cultured in RPMI 1640 media with 10% fetal bovine serum, penicillin, and streptomycin (Gibco, Carlsbad, CA, USA). The cell lines were maintained at 37°C and 5% CO 2 in a humidified incubator. Paclitaxel was purchased from the Cayman Chemical Company (Ann Arbor, MI, USA). Cancer cell lines PC-3 and PC-3PR were seeded in 6-well plates at 3 × 10 5 per well, incubated overnight, and treated with paclitaxel for a further 48 h. After induction, the cells were harvested for subsequent analysis.
The miR-34a mimic and miR-34a inhibitor were obtained from RiboBio (Guangzhou, China). Primary antibodies against GAPDH and JAG1, ADAM17, Notch1, NICD, Bcl2, Cyclin D1, CDK6, and c-MYC protein were obtained from Cell Signaling Technology (Danvers, MA, USA).
Quantitative real-time polymerase chain reaction
Total RNA was extracted from harvested cells using the Cell Counting Kit-8 (CCK-8, Dojindo Molecular Technologies Inc., Kumamoto, Japan) according to the manufacturer's instructions. As previously described, quantitative reverse transcription PCR (qRT-PCR) was conducted to detect miRNA-34a, ADAM17, JAG1, Notch1, c-MY, cyclin D1, CCDK6, and E-cadherin [20] . The Reverse SYBR Green PCR Kit (Invitrogen, Carlsbad, CA, USA), required 1 µg of total RAN per sample to covert to cDNA. The cDNAs were then amplified and detected via the SYBR Green PCR kit (Qiagen, Valencia, CA, USA). GAPDH was used as an endogenous control for mRNA. The cDNA products were synthesized using miScript, reverse transcription kit (Qiagen) to detect mRNA, and the primers specific to miR-34a, or endogenous control U6, were purchased from Qiagen. qRT-PCR was performed using miScript SYBR Green PCR Kit (Qiagen). All reactions were run in triplicate on a Bio-Rad C1000 thermal cycler (CFX-96 real-time PCR detection systems, Bio-Rad, Hercules, CA). The fold change in miRNA for mRNA expression were calculated using the 2 −ΔΔct method. The sequences of all primers are given in Table 1 .
MiRNA qRT-PCR
Total RNA was extracted as described previously. Targetspecific reverse transcription and the TaqMan microRNA assay were carried out using the Hairpinit miRNA qPCR Quantitation Kit (Ribo, Guangzhou, China) according to the manufacturer's instructions. Reactions were performed using the 7500 Real-Time PCR System (Applied Biosystems, Waltham, MA). All primer sequences are provided in Table 1 . The expression of miR-34a was normalized to small nuclear RNA u6, and relative expression was calculated using the 2
−ΔΔct
method. All procedures were performed in triplicate.
Oligonucleotide transfection
For transient transfection, miRNA mimics and inhibitors were transfected into PC-3 and PC-3PR cells using Lipofectamine RNAiMAX Reagent (Invitrogen) following the manufacturer's protocol. The miR34a mimic, inhibitor, and negative controls were obtained from RiboBio (Guangzhou, China). The final concentrations of miR-34a mimic, inhibitor, and negative control in the transfection system were each 200 nM. After 48 h, cells were collected for subsequent flow cytometry, western blotting, and qRT-PCR.
Cell proliferation assay
Cell proliferation was evaluated via CCK-8 as described by the manufacturer (Dojindo Molecular Technologies, Inc.). Cells (5000 PC-3 or P-3PR per well) were cultured in 96-well plates overnight, and 10 μL of CCK-8 solution was added to each well at the indicated time points after transfection. Cells were further incubated for 2 h at 37 °C in a 5% CO 2 incubator. The absorbance was measured at 450 nm with a Multiscan FC Microplate Photometer (Thermo Fisher Scientific, Rochester, NY, USA).
Clone formation assay
Six groups of transfection PC cells were plated in 6-well plates (500 cells/well) and cultured in RPMI-1640 medium for 14 days. Proliferation colonies were stained with crystal violet, and colonies consisting of 50 cells or more were counted and photographed for statistical analysis. All procedures were performed in triplicate.
Western blotting
Cells were lysed in RIPA buffer (1% NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate [SDS] in phosphate-buffered saline [PBS]). A complete protease inhibitor cocktail (Roche Diagnostics, Indianapolis, IN, USA) was added to the lysis buffer before use. Protein concentration was determined by a Bio-Rad DC protein assay (Bio-Rad). We transferred 30 µg of total protein from cell lysates subjected to SDS-polyacrylamide gel electrophoresis to nitrocellulose membrane. The membrane was blocked in 5% non-fat milk in PBS overnight and incubated with primary antibodies. After washing for 30 min, secondary goat ant-mouse IgG (Vector Laboratories Inc., Burlingame, CA, USA) was applied to nitrocellulose membranes in tri-buffered saline with Tween 20 for 1 h. After washing, targeted proteins were detected using Chemiluminescent HRP Antibody Detection Kit (Denville Scientific, South Plainfield, NJ, USA). Protein signals were captured with an electrochemiluminescent system (PerkinElmer Life Sciences, Boston, MA, USA).
Apoptosis assay
Cell apoptosis was detected using Annexin V-PE Apoptosis Detection Kit (BD Pharmingen, San Jose, CA USA). Cells in the logarithmic phase of growth were harvested and washed twice in PBS and, according to the manufacturer's instructions, 1 × 10 6 cells were washed twice in PBS before re-suspension in a 1× binding buffer. PE Annexin V (5 μL) and 7-AAD (5 μL) were added and the cells remained there for 30 min, after which 400 µL of 1× binding buffer was added to each tube. Stained cells were measured by flow cytometry (FACSCalibur, BD Biosciences, Heidelberg, Germany) using Cell Quest Pro software (BD Biosciences). Data were analyzed using FlowJo 10 software (BD Biosciences, Heidelberg, Germany).
Cell cycle assay A total of 1 × 10 6 cells fixed using 70% ethanol at -20°C were incubated with propidium iodide (Invitrogen) for 30 min at 37°C and then analyzed using fluorescence-activated cell sorting flow cytometry (BD Biosciences).
Luciferase Reporter Assay
In brief, 3' UTR segments of JAG1 and Notch1 were predicted to interact with miR-34a (https://www. targetscan.org). The luciferase reporter was successfully constructed by molecular cloning technology. Targeted sequences were inserted into pGL3-Basic vector (Promega Corp., Madison, WI, USA), to obtain Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry pGL3-JAG1-3'-UTR and pGL3-Notch1-3'-UTR, containing the miR-34a binding sequences (JAG1-3'-UTR and Notch1-3'-UTR sequences). The miR-34a modified cells were seeded in 24-well plates for 24 h and then they were transfected with 1 µg of luciferase-reporter plasmids per well using PEI Transfection Reagent. Afterwards, according to the manufacturer's instructions, luciferase activities were measured using the dual-luciferase reporter gene assay kit (Promega).
In vivo tumor xenograft model
We used five-week-old female athymic nude mice for these experiments. Animals were housed with wood chip bedding in an environmentally-controlled room with clean air, a 12-h light-dark cycle, and a relative humidity of 50%. Drinking water and a standard diet were supplied ad libitum. The study was approved by the Institutional Animal Care and Use Committee at the Third Military Medical School.
The mice were inoculated subcutaneously with PC-3, PC-3PR, and PC-3PR and transfected with miR34a mimic (n = 8). Xenografts were inoculated with 2 × 10 6 cells suspended in 100 μL PBS with 50% Matrigel (BD Biosciences). When tumors reached an average volume of 100 mm 3 , mice were randomly assigned to a control group (0.5% DMSO in PBS), or 10 mg/kg.bw paclitaxel (Cayman Chemicals, Ann Arbor, MI, USA). The treatment was administered every third day. The mice were weighed, and tumor volumes were measured twice a week with a digital caliper (volume = π/6 × width 2 ). After 3 weeks, the mice were sacrificed, and tumor weights were measured. For lung and liver metastasis experiments, we generated PC lung and liver metastatic models by injecting PC cells through the tail veins. We suspended 5 × 10 5 of the indicated cells in 0.1 mL of PBS and injected them into the lateral tail veins of 6-week-old female nude mice (8 mice per week). Six weeks after the injections, all mice were sacrificed, and the lung and liver surface tumor foci were counted.
Immunohistochemistry
Tumor specimens from nude mice were fixed in 4% paraformaldehyde and embedded in paraffin. The paraffin-embedded tissue blocks were cut into 4-μm slides. Sections were used for the analysis of Ki67 protein (1:100, Cell Signaling Technology). The samples were incubated at 4°C overnight with primary antibodies against Ki67 and finally treated with secondary antibody for 30 min and stained with diaminobenzidine until brown granules appeared.
Terminal deoxynucleotidyl transferase dUTP nick end labeling assay
The terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay was performed to detect apoptotic cell death in xenograft tumors using DeadEnd™ Colorimetric TUNEL System (Promega). Slides were prepared according to the manufacturer's instructions.
Statistical analysis
All data are expressed as the mean ± SD unless otherwise stated. Comparisons between two groups were performed using a two-tailed unpaired t-test. Comparisons between three or more groups were performed using one-way analysis of variance (ANOVA). The differences between tumor volumes were determined via a two-way ANOVA. Overall survival analysis was performed using the Kaplan-Meier method. P < 0.05 was considered statistically significant.
Results
miR-34a is associated with overall survival and is decreased by paclitaxel in PC cell lines
Since some of these patients in the cohort had received paclitaxel chemotherapy, we wanted to see if miR-34a was involved in the development of resistance to paclitaxel and whether it would have an impact on overall survival. We first compared the expression levels of patients with miR-34a at different stages of PC patients to a TCGA dataset. The expression levels of miR-34a were lower in the late stages of the disease than in the early stages, indicating that miR-34a is a tumor suppressor in PC (Fig. 1A) . Furthermore, to investigate the role of miR-34a in PC overall survival, Kaplan-Meier survival analysis demonstrated that PC patients with low levels of miR-34a had lower survival rates compared with those with high miR-34a levels (Fig. 1B) . To further study the impact that paclitaxel chemotherapy had on the expression of miR-34a in PC cells, we tested PC-3 and PC-3PR cells with paclitaxel.
qRT-PCR analysis showed that miR-34a expression was significantly decreased in PC-3PR cells compared with PC-3 cells (Fig. 1C) . Taken together, these results suggested that the decreased expression of miR-34a indicated a poor prognosis could be involved in the stimulation of PC chemo-resistance.
miR-34a contributes to paclitaxel resistance in PC cell lines
As shown in Fig. 1D , qRT-PCR analysis confirmed high levels of expression of miR34a after miR-34a mimic transfection, along with low levels of expression in miR-34a inhibitor transfection in PC-3 and PC-3PR cells. We determined the effect of miR-34a on the proliferation in PC cell lines PC-3 and PC-3PR by transfecting them with miR-34a inhibitors and miR-34a mimics, respectively. The proliferation rate of the miR-34a mimic group cells 48 h after transfection was significantly lower than that of the miRNA negative control and miR-34a inhibitor groups of cells, and higher in a control group of PC-3 and PC-3PR cells ( Fig. 2A and 2B ). Colony formation assays obtained similar results (Fig. 2C, 2D , and 2E) and morphological analysis of the cells showed a similar change in the cells, characterized by cell volume and concomitant shrinking (Fig. 2F) .
To evaluate the involvement of miR-34a in the regulation of sensitivity to paclitaxel, we transfected a miR-34a mimic and miR-34a inhibitor into PC cell lines. We conducted an apoptosis assay via flow cytometry to determine whether the effects of miR-34a on cell proliferation were related to apoptosis. We transfected PC cells with miR-34a mimic and miR34a inhibitor for 24 h and then treated the cells with paclitaxel for another 24 h. Our results showed that ectopic overexpression of miR-34a increased paclitaxel-induced apoptosis,
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Cellular Physiology and Biochemistry while miR-34a inhibition decreased miR-34a-induced apoptosis in PC-3 cells (Fig. 3A and  3B ). Similar data were also observed in PC-3PR cells (Fig. 3A and 3C) . Thus, to determine whether the effects of miR-34a on cell proliferation were related to the cell cycle, we first transfected PC cells with miR-34a inhibitor for 24 h and then treated the cells with paclitaxel for another 24 h. Our results showed that miR-34a overexpression induced G1/G0 arrest, while miR-34a inhibition promoted the cell cycle in PC-3 and PC-3PR cells (Fig. 3D, 3E, 3F , and 3G). Based on these findings, we thought that PC cells with miR-34a down-regulation were resistant to paclitaxel treatment.
miR-34a inhibits PC chemo-resistance through direct suppression of JAG1 and Notch1 expression
In order to investigate the underlying mechanism of the effects of miR-34a on PC, we used miRNA target prediction algorithms (http://targetscan.org) to screen miR-34a target genes. We identified JAG1 and Notch1 as tentative targets of miR-34a (Fig. 4C and 5C ) because previous studies have shown that the Notch1 signaling pathway correlates closely with PC progression, metastasis, and chemoresistance [21, 22] . Furthermore, sequence alignment of the predicted miR-34a showed high conservation among different species. The sequences 
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of miR-34a target sites in JAG1 3'-UTR and Notch1 3'-UTR are underlined ( Fig. 4D and 5D ).
To investigate whether miR-34a directly regulates JAG1/Notch1 expression, we examined the expression levels of JAG1 and Notch1 in miR-34a overexpressing and nonexpressing PC-3 and PC-3PR cells at both the mRNA and protein levels, respectively (Fgi.4A, 4B and 5A, 5B). The results indicated that miR-34a inhibited JAG1 and Notch1 expression. Moreover, by using western blot and qRT-PCR analysis, we found that miR-34a negatively regulated Notch1 downstream genes, including those of cleaved-caspase3, Bcl2 (Fig. 6A and  6B ), Cyclin D1 (Fig. 6A and 6C) , CDK6 ( Fig. 6A and 6D ), and ADAM17 (Fig. 6A) .
Furthermore, to determine whether the regulation of JAG1-luciferase expression and Notch1-luciferase expression depended on the binding of complementary 3'UTR sequences to the miR-34a seed sequence, we inserted a 3-nt mutation into the JAG1 3'UTR and Notch1 3'UTR, as indicated in Fig. 4C and 5C . In addition, the mutations are located in regions of JAG1 and Notch1 that are conserved across different species (Fig. 4D and 5D ). Our data showed that overexpression of miR-34a significantly repressed luciferase activity associated with wild-type 3'UTR, while the 3'UTR mutation completely abrogated the effect of miR-34a overexpression on luciferase activity in PC-3 cells (Fig. 4E and 5E ).
Taken together, these data suggested that miR-34a directly repressed JAG1/Notch1 axis by targeting the 3'UTR sequence. (Fig. 7E) . Furthermore, TCGA data revealed the expression of Notch1 signaling; Hey1, Hey2, and Myc were up-regulated in tumor tissues compared with normal tissues, while NUMB, FBXW7, and CDH1 were downregulated in tumor tissues compared with normal tissues (Fig. 7F) . Collectively, these data from clinical samples in PC patients indicated the relevancy of the inhibitory effects of JAG1 and Notch1. 
Overexpression of miR-34a is involved in the development of paclitaxel chemosensitivity
To investigate the role of miR-34a in chemo-resistance, we injected PC cells subcutaneously. Twenty-one days later, we observed lower tumor volumes in tumors with miR-34a overexpression compared with tumors with empty vectors under paclitaxel administration ( Fig. 8A and 8B) . At the end of experiment period, the mean wet weights of tumors were significantly lower in the miR-34a transfected group than in the empty vector control group (p < 0.05) (Fig. 8C) . Furthermore, the Ki67 immunohistochemistry (IHC) and TUNEL assays of xenograft tumors indicated that the proliferation of the PC-3PR group was higher compared with the PC-3 and PC-3PR mimic groups (Fig. 8D and 8E) . Clearly, the higher expression of miR-34a is associated with sensitivity to paclitaxel in vivo.
Discussion
Paclitaxel is a common chemotherapeutic agent used to treat multiple malignancies, including those at the mCRPC stage. However, there are no markers of response or resistance known for paclitaxel. Therefore, the development of new molecules for PC screening and treatment is urgently needed. Molecular profiling of miRNAs may help to develop companion clinical diagnostics to identify subgroups of patients who will respond to this common chemotherapy, and enable a better understanding of the molecular mechanisms of chemoresistance [23, 24] . There is good evidence to suggest that miRNA regulation of gene expression plays a key role in chemotherapy. By directly targeting protein-coding genes, miRNAs can inhibit genes that are needed for signaling pathways or drug-induced apoptosis [25] . In recent years, miRNAs have attracted attention in PC [26, 27] . Multiple miRNAs are thought to be critical for the control of drug resistance in PC [25] . In this study, we examined the influence of paclitaxel on miR-34a expression and target genes using in vitro and in vivo assays. Our results indicated that miR-34a contributed to the success of chemotherapy via the JAG1/Notch1 axis in PC cells.
Treatment of mCRPC often fails because of chemoresistance [28, 29] . Previous studies have shown that miR-34a is down-regulated in many types of cancer, and acts as a critical tumor suppressor by targeting multiple oncogenes that modulate cancer-related processes, such as cell proliferation, apoptosis, metastasis, and chemo-resistance [30] . Moreover, previous studies have indicated that miR-34a mediates AR-dependent p53-induced apoptosis [31] , and miR-34a inhibits proliferation and metastasis by directly repressing CD44 TCF7, LEF1, and SIRT1 [20, [32] [33] [34] . In this study, we obtained PC-3PR from PC-3 through continuous paclitaxel treatment. We performed a series of in vitro and in vivo studies to obtain evidence that the decreased expression of miR-34a significantly contributes to lung and liver metastasis and chemoresistance through the inhibition of apoptosis and the JAG1/Notch1 axis in PC. Accumulating evidence shows that the induction of apoptosis and activation of Notch1 signaling pathways dramatically suppresses tumor growth, metastasis, and chemoresistance, including in PC [21, 35, 36] . Our data clearly showed that the overexpression of miR-34a significantly enhanced paclitaxel-induced apoptosis and Notch1 signaling pathway inhibition and dramatically inhibited PC metastasis in vivo, which indicates that the restoration of miR-34a may be a useful strategy for the treatment of metastasis and chemoresistance, in PC patients.
Notch signaling is an important pathway activated during the development of PC [37] . Notch ligand JAG1 was found to be overexpressed in metastatic PC, in contrast to PC or benign prostatic tissues [38] . Upon further investigation into the potential role of miR-34a in paclitaxel resistance in PC, we performed qRT-PCR and western blot analysis and confirmed an association between decreased miR-34a and increased expression of the two target genes, JAG1 and Notch1. JAG1/Notch1 regulated gene expression in the Notch1 signaling pathway. In this study, we identified JAG1/Notch1 as novel targets of miR-34a genes in PC chemoresistance. Luciferase reporter gene experiments showed that miR-34a directly targeted 3'-UTR of JAG1 and Notch1.
Conclusion
In conclusion, our data showed that increased miR-34a expression played an important role in resistance to paclitaxel in PC and PC-3 cells. Meanwhile, JAG1 and Notch1, as direct and functional targets of miR-34a, mediated miR-34a-induced chemoresistance to paclitaxel in PC-3 cells. The miR-34a/JAG1/Notch1 axis provides a new avenue that will help us to gain an understanding of the mechanism of chemoresistance, and it may help the development of potential therapeutics for the treatment of PC (Fig. 9) . . 9 . Schematic of the modelmiR-34a might attenuate PC cell metastasis and chemo-resistance through the JAG1/Notch1 axis.
